A technique based on liquid scintillator with wavelength-shifting fibre readout is interesting for large-mass neutrino detectors. In this paper, we present the first results obtained with a laboratory prototype assembled at CERN. In the configuration tested, a large light yield has been observed and attenuation lengths of the order of 3.2 m have been measured. As a comparison, we also measured the attenuation length of the fibres in air using the same setup. No significant difference in attenuation length between the fibres in air and in liquid was measured.
Introduction
The study of neutrino interactions calls for large massive detectors. These detectors generally use a small number of detector techniques. Consequently, they can be made uniform and simple in design. Detectors made of tubes filled with liquid scintillator read by wavelength-shifting (WLS) fibres have been identified as a promising solution for large scale neutrino experiments [1, 2] . A single container of liquid scintillator segmented by optical separators can provide a granularity of a few centimetres over a large volume. This volume can be read out by WLS fibres, hence reducing the surface to be equipped with photo-detectors. If one can in addition make the tubes very long, the number of photosensitive devices necessary to read the volume of the detector can be reduced as the detector is made wider. The maximal length of the tubes is dominated by the attenuation length of the WLS fibres and the minimal number of photo-electrons that need to be detected to perform the physics measurements. It is therefore important to study the attenuation length of WLS fibres in conditions similar to this experimental environment.
In this paper we describe tests of a detector based on liquid scintillator and WLS fibres. We present the results of attenuation length measurements performed with two test tubes of 4 m in length. The goal of this study is twofold. First we want to measure the attenuation length in conditions similar to a real detector, and second we want to compare the attenuation length measured in these conditions to the attenuation length of the same fibres in air. Since the refractive index of the liquid scintillator (n∼1.566) is larger than that of the outer cladding of the WLS fibre (n∼1.42), we expect to lose the light that would be caught in the outer cladding would the fibre be placed in air. The light caught in the cladding has a shorter attenuation length than the light travelling through the core due to the quality of the interface between the outer cladding and the surrounding medium, which is subject to deteriorations caused by the handling of the fibre. Since the light caught in the cladding can be larger [3] than the light caught in the core, we want to verify whether the attenuation length of the fibre when immersed in the liquid is different from its attenuation length in air. A study of the light yield with different liquids and different reflective surfaces will be described in a forthcoming publication. Figure 1 shows a sketch of the experimental setup. Two aluminium tubes of 4 m in length were used. One of them had an outer cross-section of 3×3 cm 2 and was painted on the inside surface with Bicron TiO 2 reflective paint [4] . The aluminium had a thickness of 3 mm, so that the cross-section of the volume of the liquid filling the tube was 2.4×2. 4 passivation in order to provide a uniform reflective surface. This second tube was used to exclude the possibility that any feature was introduced by some inhomogeneity of the tube with the reflective paint.
The tubes were placed consecutively in a common setup which held them on each end by a light-tight end-cap anodized on the inside with a black coating. Each endcap held a photomultiplier tube (PMT) in a vertical position. The PMTs used were Hamamatsu R647P with bialkali photocathode. The quantum efficiency of this PMT is about 10% at 550 nm. The ends of the tube in the setup could be left open to the end-caps, or closed by an aluminium wall painted with reflective paint. A Kuraray Y11-MSJ200 [5] fibre with a diameter of 1.2 mm was placed inside the tube. The polished ends of the fibre were applied to the window of a PMT by a teflon cap. To reach the PMTs, the ends of the fibre extended about 30 cm from the tube on each side and were bent with a radius of curvature of about 10 cm. The fibre was placed at the bottom of the tube to stabilize its position. The light collection depends on the position of the fibre within the aluminium tube. A Monte Carlo simulation has shown that a fibre placed against the wall of the tube can be expected to collect up to 20% more light than when it is placed exactly at the centre of the tube [6] . The apparatus was filled with Eljen EJ-399-04 scintillator [7] , such that the tube was completely filled. This scintillator is based on economical and safe commercial components (LAB [8] and PXE [9] ) and does not attack the fibres. We tested that the quality of the fibres did not degrade throughout data acquisition periods of up to about two months.
The tests were performed with cosmic-ray muons. For the trigger, four identical pairs of scintillator pads read by 1.5 inch PMTs were placed along the tube. For each pair, the pads were placed above and below the tube to provide a cosmic-ray trigger. The distances between the pads and the centre of the tube were 6.5 cm (above) and 5.5 cm (below). The scintillator pads of the trigger system had a surface of about 5 cm × 2 cm and a thickness of 5 mm. For each cosmic trigger, the signal of each of the ten PMTs (two for the fibre and 2×4 for the trigger counters) was read. The trigger pairs were moved along the tube to scan its length. All PMT signals were read by means of Lecroy 1182 VME ADCs. The VME crate was connected to a desktop PC by optical fibres through a Bit3-618 PCI-VME interface [10] . The trigger rate of the setup was 2-3 counts per minute per scintillator pad pair. The response of the PMTs was between 8 and 9 ADC counts per photo-electron. With this setup, using the tube painted with the reflective paint, a mean light yield of about 20 photo-electrons was collected by each PMT for muons crossing the middle of the tube.
Five configurations of the setup were used:
• Configuration 1: The fibre was placed in the 3×3 cm 2 tube painted with reflective paint. The ends of the tube were closed by reflective walls.
• Configuration 2: The fibre was placed in the 3×3 cm 2 tube painted with reflective paint. The ends of the tube were open to the black end-caps. The data taken with this configuration were compared to data taken in Configuration 1 with the same fibre.
• Configuration 3: The fibre was placed in the 3×3 cm 2 tube painted with reflective paint, in a transparent teflon tube so that the liquid did not touch the fibre. The ends of the tube were open to the black end-caps. The same fibre as in Configuration 1 was used.
• Configuration 4: The fibre was placed in the 4×4 cm 2 aluminium tube. The ends of the tube were open to the black end-caps. A new fibre was used.
• Configuration 5: The fibre was placed in the 4×4 cm 2 aluminium tube, in a transparent teflon tube so that the liquid did not touch the fibre. The ends of the tube were open to the black end-caps. The same fibre as in Configuration 4 was used.
Configurations 1 and 3 were our main configurations for this series of measurements. With these two configurations it was possible to measure the attenuation length of the fibre in liquid (Configuration 1) and in air (Configuration 3) without having to change the fibre or modify the setup extensively. These measurements provide the results on which we draw the conclusions of this paper. The additional measurements with the other configurations were done to have a better understanding of the light collection process and of the different features of the results.
Because the light collection can take place over a distance of several centimetres, some light can be lost in the end-caps for measurements near the edges of the tube if these are not closed by reflective walls. We compared the results obtained with Configuration 1 to measurements performed using Configuration 2 to study these effects.
Local variations in the light yield can be introduced if the reflectivity of the inner surface is not uniform along the length of the tube. This can happen if the coating of reflective paint is not the same everywhere. To cross-check our measurements, we used the second tube described above (Configurations 4 and 5), which has a uniform aluminium inner reflective surface.
Measurements
Series of measurements were done for each of the five configurations described above. The light yield was measured on both sides of the fibre by the photon-counting PMTs. Examples of signal distributions are shown in figure 2. Pedestal subtraction has been applied to these distributions. The pedestal for each PMT was measured in an independent run. The data shown in figure 2 were taken in Configuration 1, with tracks passing at a distance of 340 cm from PMT 1. The average light yield was measured by fitting a gaussian to the distribution of the logarithm of the ADC counts, which approximates the shape of a Landau distribution.
To be able to use the transparent teflon tube, the ends of the aluminium tube were open to the end-caps. To study the effect of the light lost near the edges of an open tube, we compared to data taken with Configuration 2. Figure 3a Figure 4d shows the geometric average of the two PMTs as a function of the distance to one side of the tube. The mean residual with respect to the mean value of the geometric average was taken as a systematic error on the ADC counts. This error is about 10%. Figure 4c shows the ratio of the average number of counts on the two PMTs (figures 4a and b) as a function of the distance from one side of the tube.
The data samples of Configuration 1 presented in figures 4a, b and c were independently fitted to an exponential to measure the attenuation length. The results of the fits are presented on the relevant figures, and are reported in table 1. They are consistent with a single component of attenuation, meaning that the short attenuation length component of the cladding light is small compared to the core light, which is what we expect if the fibre is immersed in the liquid.
Similar sets of data were taken with the fibre in air (Configuration 3) and are presented in figure 5 . We measure a smaller geometric average than in Configuration 1, due to absorption in the teflon tube. The emission spectrum of the wavelength-shifter is known not to be affected by the incident light spectrum, which could be different with and without the teflon tube. Apart from the light yield, the results are similar to those of Configuration 1. The fitted values of the attenuation length are reported in table 1. The data are consistent with a single component within the uncertainties on the measurements. We also expect an additional component of shorter attenuation length due to the cladding-air interface. This component can become very small relative to the core component after the 50 cm of fibre between the PMTs and the first measurement points, and it is not seen in our data.
The results of the measurements performed with the tube with the aluminium inner surface and the fibre directly in the liquid (Configuration 4) are presented in figure 6 . The results of the measurements performed with the teflon tube (Configuration 5) are presented in figure 7 . These results are consistent with the measurements made with the painted tube. No effect due to inhomogeneities of the painted tube was detected. The attenuation length values obtained from the fits of these data are reported in table 1. It is interesting to note that the geometric average of the two PMTs is about a factor 2.5 lower for the aluminium reflector than with the reflective paint in otherwise similar conditions. From pure geometric considerations, we would expect more light with the aluminium tube, which has a larger width. This confirms that the paint provides a better reflective surface for our detector. Table 1 shows all the attenuation length measurements with their statistical and systematic errors. The systematic errors reflect the reproducibility of the attenuation length measurements. These errors include:
1. Errors from the light yield: As described above, the measurements at different positions were assigned a systematic error to reflect the variation of the light yield as a function of the position. This effect was about 10% (see description above).
Errors from the pedestal position:
The positions of the pedestals were moved up and down by the width of the pedestal distribution. The effect of a shift on the position of the pedestal is larger when the signal is weak, as in Configurations 3 to 5. The systematic uncertainty can be as large as ±10 cm in attenuation length for one of the PMTs (PMT 1). The systematic uncertainty was of the order of a few centimetres for the other PMT (PMT 2), which was found to be generally less noisy.
Errors from the fit:
In the cases where the light yield was low, the ADC count distribution extends down to the pedestal. In this region the distribution is less reliable. To avoid any problem, the region near the pedestal was not used in the fit. The fit region was varied to evaluate the stability of the procedure. The resulting systematic error on the attenuation length can be as large as 30 cm for weak signals like those given by Configuration 5. 
Conclusions
We demonstrated the feasibility of a liquid scintillator detector read out by wavelengthshifting fibres. Using this detector, we studied the attenuation length of the fibres and found that the attenuation length of a fibre in air is compatible with the attenuation length of the same fibre in liquid scintillator, even though we expect a greater component of cladding light when the fibre is placed in air. The measured value of the attenuation length of the fibre in a tube painted on the inside with reflective paint (with the fibre directly in the liquid) is λ liquid = 324 ± 14 ± 5 cm. This value was obtained using the ratio of the PMTs on each side, which provides more robust measurements. The results obtained with the painted tube were checked with a tube with aluminium surfaces. No uniformity problem was found with the painted tube.
The light outputs measured using the tube with the reflective paint and using the tube with the aluminium reflector are significant and support the use of this detector technique. The tube with the aluminium reflective surface had a light yield 2.5 times lower than the painted tube. The measured attenuation length would limit the length of the detector elements to about 4 m unless optimized wavelength-shifting fibres are used. The compatibility between the fibre and the liquid scintillator was tested for periods of about two months and no incompatibility was discovered. 
